The Model for End-Stage Liver Disease (MELD) or similar scoring system is proposed in the UK for prioritization for liver transplantation. We evaluated the reproducibility of creatinine measurements and therefore MELD scores in four liver transplant units in the UK. Methods. All transplant units were invited to participate; four agreed to do so, contributing 36 patients awaiting liver transplantation. Blood was collected from these 36 and divided into aliquots then sent to the four participating centres. Every centre measured creatinine and bilirubin for every patient. The results were analysed for the degree of agreement between centres for creatinine and MELD scores using the Bland-Altman method and Wilcoxon rank test. Results. The mean creatinine value varied from 101 μmol/ l in centre C to 110 μmol/l for the same sample in centre A, with significant differences between the four centres (P < 0.05, Wilcoxon signed-rank test). The MELD scores were significantly different between centre C and all other centres (P < 0.05). Conclusion. This study demonstrates lack of agreement in measurement of serum creatinine and MELD scoring between four UK transplant centres. A difference in two MELD points can have a significant impact on patient outcome, and these factors will have to be addressed if a UKwide transplant list is to be initiated.
Introduction
The continuing shortage of organ donors means that patients are still dying whilst on the waiting list for liver transplantation. In February 2002, the Model for End-Stage Liver Disease (MELD) scoring system was implemented in the USA in an effort to produce an organ allocation system which had 'justice and equity, maximal utility and transparency' as its priorities [1] . It had the advantage of removing 'waiting time' on the transplant list as an influence on organ allocation, as this did not correlate with disease severity and often meant that when a donor liver became available it was not necessarily used for the 'sickest first'. The MELD score was considered to be objective, comprising international normalized ratio (INR), creatinine and bilirubin, removing the more subjective assessment of ascites and encephalopathy that are included in the Childs-Turcotte-Pugh (CTP) score. The ability of MELD to predict 3-month mortality on the liver transplant waiting list has been shown by several studies to be approximately 80% accurate, i.e. to have a c-statistic (i.e. the concordance statistic, an area under the receiver operator curve) of 0.8 [2, 3] . This was similar and not superior to CTP in a recent literature review [4] .
Initial results following introduction of the MELD system in the USA showed a reduction in waiting list deaths and increased transplantation rates for those on the list, in all areas in the USA and across all diagnoses, blood groups, gender and race [5] . From February 2002 to February 2003, i.e. the first year analysed since MELD was introduced, there was a 3.5% reduction in waiting list mortality [6] . Merion et al. have shown that the survival benefit from transplant increases with increasing MELD score, with no real benefit seen in those with a MELD score <18; in fact, those with a MELD score <15 had a higher mortality following a transplant than whilst remaining on the waiting list [7] . Pre-transplant mortality risk was seen to rise exponentially rather than linearly with change in MELD score; thus, near the higher end of the MELD score, variations in one or two points are very significant clinically.
Studies from Europe have also shown the MELD scoring system to be an effective method of organ allocation [8, 9] , and recently the MELD system has been adopted by Eurotransplant. However, in a recent article by Ravaioli et al. looking at the impact of the MELD system on two transplant units in Italy using the same organ procurement zone , it was noted that one unit had a significantly higher risk of patients being 'too sick' and therefore being removed from the list than the other (P < 0.01). This was discovered to be due to the fact that both labs had different ranges for 'normal' cre-atinine despite similar methodology in measurement. Therefore, the patients in the first lab had their creatinine underestimated when compared to the second lab and therefore had lower MELD scores. When both labs ' normalized' to the same creatinine range, the difference in waiting list dropouts disappeared [10] .
Many other national transplant organizations are evaluating scores and prognostic models to differentiate severity of liver disease in those waiting for liver transplantation. The MELD scoring system for organ allocation was adopted by the United Network for Organ Sharing (UNOS) because they felt it was 'simple, objective and verifiable and yielded consistent results'. However, the underlying assumption that measurement of the components of the various scores, and in particular the measurement of INR and creatinine, is standardized across different laboratories and countries has been shown to be an erroneous assumption. It has been shown that these measurements are not accurately reproducible or transportable [11, 12] .
This inherently makes a justice system for recipient prioritization based on these scores flawed. It has already been shown that different assays for serum creatinine result in different absolute values and differences in MELD scores which would be clinically important [11] . A similar situation has been shown for INR [12] .
There is a movement in the UK now to change to one organ donor list for the whole of the UK and Ireland with a severity score similar to MELD (UKELD) as the determinant of priority. As outlined by Neuberger et al., the UK Liver Advisory Group has developed guidelines for selection criteria for liver transplantation and aims to introduce UKELD as a means of prioritizing patients for transplant [13] . The purpose of this study was to evaluate the degree of agreement of serum creatinine measurements and MELD scores derived from these values in liver transplant centres in the UK, as creatinine is a surrogate of renal function and and a key prognostic indicator.
Materials and methods

Study design
The study was approved by the UK Liver Advisory Group, i.e. by all centres as an appropriate audit, given the preparation for UKELD and the concerns from all units. We invited all eight liver transplant units in the UK and Ireland to participate in the study, four of which accepted. The participating units were labelled A-D, with only the study co-coordinator knowing the code. Selection was based on being a potential or current transplant candidate with cirrhosis. Each centre was asked to provide a blood sample from up to 10 patients who were either on the transplant list or who were being assessed for placement on the list. Each centre collected blood into 2 × 10ml lithium heparin or serum in serum separator (SST) bottles from each patient. This sample was then divided into aliquots of 2 ml each for transport to each of the other centres involved. Two 2-ml aliquots from each patient were sent to each participating centre. In each centre, the samples were re-run for measurement of creatinine and bilirubin. Thus, each patient had their creatinine and bilirubin measured four times. Centre C used the Dade Dimension technique for creatinine measurement, whilst the other centres used techniques based on the kinetic Jaffe technique ( Table 1 ). The biochemistry department of all four centres participate in external assurance schemes-UK National External Quality Assessment Service (UKNEQAS) and the Randox International Quality Assessment Scheme (RIQAS) -which assess the stability of their calibration and within-method and all-method performance (accuracy). Each centre also runs regular internal quality control checks to ensure assay stability. The four centres had a mean inter-run C.V. (coefficient variation) of 1.8% and a mean intra-run coefficient variation of 1.2%. Most of the patients had a coagulation screen done at the same time; for those who did not, we used an INR value within 3months of the study date. The INR for each patient was only measured in their own hospital and not re-assessed in each of the centres. We used that same INR value to calculate the MELD score for that patient in each of the centres, thereby avoiding any potential impact that varying INR values may have on MELD score. In total, there were 36 patients evaluated between the four centres; three patients did not have an INR measured recently enough to include in the study.
The results from all the centres were then collected. Creatinine and bilirubin were measured in micromoles per litre but converted into milligrams per decilitre for calculation of MELD scores from the official UNOS website (http://www.unos.org). In order to eliminate the possibility of variation in bilirubin measurement between centres affecting MELD scores, we calculated each patient's MELD score twice, once using the bilirubin from each centre and then using only the bilirubin value for each sample as measured at the Royal Free Hospital for calculation of MELD score. There was no significant variation between these two sets of MELD scores.
Statistical analysis
All data were analysed using the statistical package SPSS (version 10.0). Significance testing was two-sided and set to less than 0.05. Wilcoxon signed-rank test was used for non-parametric evaluation between paired creatinine values and paired MELD scores. The degree of agreement between the different labs for creatinine was evaluated using the Bland and Altman method, i.e. by plotting the difference between the two scores against their mean [14] . Bland-Altman plots give a visual representation of the 'degree of agreement' and are the recognized way to assess this issue particularly in this context in which exact numerical equivalence would be expected. A 10% disagreement is arbitrary but is a useful 'rule of thumb' and is recommended by Bland-Altman [14] . We evaluated the absolute number and percentage of values outside 1.96 SD, and if the latter was ≥10%, this was considered very poor agreement.
Results
Patient characteristics
The 36 patients had a median age of 54 (26-70) years, and 17 (47%) were men; the aetiology of liver disease included: alcohol (55%), primary biliary cirrhosis (20%), hepa- Tables 2 and  3 , divided into those with bilirubin ≤100μmol/L and those with bilirubin >100μmol/L.
titis C virus (15%) and auto-immune hepatitis (10%). Patient results from all four centres are shown in
Laboratory measurements
The same blood samples were assayed again in the four different centres. Table 4 . Thus, as expected, there was more variability in creatinine values with higher bilirubin values. Creatinine of centre A was significantly different compared to creatinine of centres B, C and D in 33 (92%), 34 (94.5%) and 35 (97%) samples, respectively (P < 0.01). Creatinine of centre B was significantly different compared to creatinine of centres C and D in 36 (100%) and 34 (94.5%) samples, respectively (P < 0.01). Creatinine of centre C was significantly different compared to creatinine of centre D in 35 (97%) samples (P = 0.019). These differences remained significant in both groups of patients separated according to bilirubin concentrations (≤100 or >100μmol/L).
Agreement between creatinine values between the four centres
The Bland and Altman method for degree of agreement for all creatinine values between the four centres showed less than 10% of values to be outside 2 SD. The agreement was poorer for the creatinine between centres A and D (8.3% outside 2 SD) and between B and D (8.3% outside 2 SD) and better for all the other combinations (0-5.5% outside 2 SD). The findings were similar when samples with bilirubin ≤100mol/L or >100μmol/L were analysed separately; however, agreement was very poor (>10% outside 2 SD) between centres B and D in the group of high serum bilirubin (>100μmol/L) (Figure 1 ).
MELD scores calculated in the different labs
As mentioned, the creatinine and bilirubin levels were converted to milligrams per decilitre, and then the website (http://www.unos.org) was used to calculate MELD scores (the INR was not re-checked in all four labs). The mean The MELD score for each centre according to creatinine values above and below 100μmol/L was also assessed. When the creatinine value was <100μmol/L (n = 16), there was no statistically significant difference in MELD scores between any of the centres, except centres C and D (P < 0.008). However, when only those with creatinine values >100μmol/L (n = 17) were assessed, the MELD scores from centre C were significantly different from centre A (P = 0.04), centre B (P = 0.009) and centre D (P = 0.0009), reinforcing the point that discrepancies in biochemical measures and therefore MELD scores become more marked in those with the most abnormal values, i.e. the sickest patients.
Discussion
When the MELD scoring system was introduced, one of its strengths was proposed to be the fact that it comprised only three laboratory tests, which were simply and universally measured and 'easily reproducible'. This was felt to assure that the same MELD score would be obtained no matter where the sample was analysed. MELD also had the advantage of taking renal function into account, as this is well known to be an important prognostic factor in liver disease [15] . In the MELD system, creatinine is used as a surrogate marker for renal function.
Our study has shown significant variation in measurement of creatinine values and therefore MELD scores from the same blood samples re-tested in four different laboratories. The results of this study are clear-cut, and although it can be considered small, its findings are supported by a larger study by Lisman et al. using seven centres throughout Europe which had similar results, with variation in creatinine values between laboratories giving a difference of up to three MELD points in the same patient [16] . Cholongitas et al. also showed significant variation in creatinine values when different laboratory methods for creatinine measurement were used in the same centre [11] . Similar to the data in this paper, the difference became more marked as serum bilirubin concentrations increased, as bilirubin is a known chromogen that interferes with creatinine measurement [17] . This means that the error in measurement is worse the more severe the jaundice, i.e. in the sickest patients, with the highest MELD scores and therefore those most in need of a liver transplant. These discrepancies are sufficient to allow a situation in which a patient may die whilst on the waiting list, who may otherwise have received a transplant, if their blood was analysed in a different laboratory. The number of patients in our study with high serum bilirubin levels was small, perhaps explaining why the differences in MELD scores are not as marked as in the study by Cholongitas et al. As mentioned, even in laboratories using the same method of measurement, clinically significant differences in creatinine values can still occur due to variations in 'normal' ranges [11] .
Added to potential laboratory discrepancies is the issue that factors such as gender, muscle mass, age and race can also affect creatinine levels [18] . Creatinine is not an accurate predictor of renal function or glomerular filtration rate (GFR) [18, 19] . A study from the Royal Free Unit has shown creatinine to be significantly underestimated in women compared to men correcting for a similar estimated GFR. Estimated GFR was compared to 'true' GFR using EDTA Cr clearance. Thus, females with liver disease had lower GFR than males for the same creatinine value [20] . This suggests that females suffer a systematic discrimination when creatinine is to be used in scoring systems such as MELD. This has also been documented in the USA since the introduction of the MELD system, where women have a 30% increased in odds of dying or becoming too sick whilst on the transplant waiting list compared with men [21] .
